• To elucidate the application of natural regeneration to the restocking of evergreen broad-leaved forests in the subtropics, the characteristics of a 20-year-old evergreen broad-leaved forest restocked by natural regeneration after clearcut-burning were studied in Okinawa, Japan. Within a 0.87 ha clearcut area with four 10 m × 10 m sampling plots, two burned and two unburned ones, the tree composition, tree species diversity and vegetation changes were investigated.
INTRODUCTION
In tandem with the acceleration of global environmental degradation in recent decades, natural regeneration of forests, given its environmental and natural conservation benefits, has become an important issue (Bermúdez et al., 2007; Harmer et al., 1997; Peterken, 1993; Zerbe, 2002) . Although a number of studies on natural forest regeneration have been published, most of these have focused on deciduous or coniferous areas of natural EBLFs in China have been clearcut-burned for the establishment of fast-growth coniferous forests because of the higher economic benefits of the latter. Nevertheless, the technique has been widely criticized over the years as an important factor in reducing the global forested area, contributing to forest degeneration, and aggravating global warming. Following the rapid reduction in natural EBLFs in subtropical regions, there have been increasing calls for the protection and reconstruction of these forests. In recent years, the natural regeneration of forests has come to be regarded as an important forest regeneration measure designed to protect and restore the EBLFs in subtropical regions (Kyushu Forest Bureau, 2000; Wu and Shinzato, 2004) . However, natural regeneration has rarely been used for the successful restocking of EBLFs in the subtropics. We currently know little about the natural regeneration of EBLFs following clearcut-burning in the subtropical regions. Therefore, there is a pressing need to investigate the secondary forest regeneration processes following the clearcut-burning of EBLFs in these regions.
EBLF dominated by Castanopsis sieboldii Hatusima is widely distributed on Iriomote Island, Okinawa, Japan, where a maritime subtropical climate prevails. Restoration of such forests through natural regeneration and protection of the unique natural island environment in Okinawa have become important study projects. Several studies have been conducted on natural sprouting regeneration forests in Okinawa 2000; 2002; Wu and Shinzato, 2004; Wu et al., 2001; 2006) . However, these studies are insufficient for gaining an understanding of overall characteristics such as the forest structure and tree species diversity arising from natural regeneration over the long term following severe anthropogenic disturbance. Bearing in mind the results of previous studies, the purpose of the present study was, firstly, to focus on tree composition, forest structure, tree species diversity and vegetation changes of a regenerated subtropical EBLF 20 years after clearcut-burning and, secondly, to gain a better understanding of the likely reasons for either the successful recovery of the forest or failure, resulting in degeneration of secondary regenerating forest, when using natural regeneration. In order to investigate these processes, study plots within an EBLF were initially subjected to either clearcut alone or clearcut followed by burning.
MATERIALS AND METHODS

Study site
The study was carried out in an undisturbed EBLF at the Iriomote Tropical Biosphere Research Center, University of the Ryukyus, Iriomote Island (24 • 15-25 N and 123 • 40-55 E), Okinawa, Japan. Iriomote Island (area, 289.27 km 2 ) is one of the principal islands of the southern Ryukyu Islands of Japan. Under the island's maritime subtropical climate, winters are frost-free, while summers bring frequent typhoons or tropical cyclones, and associated heavy rainfall and strong winds. The 30-year mean annual precipitation from 1971 to 2000 was over 2 300 mm. The mean annual temperature is 23.4
• C, with a monthly mean maximum of 28.3
• C in July, and a monthly mean minimum of 18.0 • C in January (Iriomote Climate Observation, 2002). The highest peak on the island is Mt. Komidake at 469 m above sea level (a. s. l.) Elevations at the study site range from 60 m to 100 m a. s. l. The study site is covered by well-developed EBLF forest. The bedrock is composed of sandstone, from which a yellow soil develops (Miyawaki, 1989) . Soil samples were collected at each study plot, and further physical and chemical analyses revealed that there were no significant differences between the soils of burned and unburned plots prior to clearcutting .
Field methods
A 0.87 ha study area of undisturbed EBLF was selected on the mid-slope of a hillside in 1985. The slope is southwest facing with a gradient of 10
• to 20
• . The study area was divided into 4 adjacent sections of equal area. In the center of each section a 10 m × 10 m study plot was established and a census of all the trees with diameters at breast height (DBH) > 3 cm was undertaken. The parameters measured included DBH, height and species. Subplots (2 m × 2 m) for the vegetation census (< 1.0 m in height) were set up in the center of each plot; all trees and herbs were also recorded. Following the tree and vegetation census, clearcut was carried out in September over the entire study area. All trees were felled at the base, approximately 0.20 m above the soil surface. Two of the sections in the center were burned in November, while the remaining two sections were left unburned. The burning was carried out using the traditional local burning method, which arranges the felled trees in parallel rows 2 m apart. After a moderate level of fire lasting for 8 h on a sunny day, most of the felled trees, vegetation and organic matter on the forestland in the two burned sections were fully burned. However, most of the cut stumps (root collars) had retained their original shapes after the burning. The study site was then left undisturbed for 20 years before an August 2005 tree census. Tree species and stem height were noted for all trees exceeding 1.0 m in height; for those exceeding 1.3 m in height, DBH was also measured. A vegetation census was also carried out for both trees and herbs (< 1.0 m in height) occurring in the subplots.
Data analysis
The family importance value (IV f ) and species importance value (IV s ) were evaluated in plots according to the following formulae (Basnet, 1992; Mori et al., 1983) :
where IV f is the family importance value (%); IV s is the species importance value (%); RD is the relative density, calculated as the number of stems of a given species in the plot(s), divided by the total number of stems of all species within the same plot(s) (%); RBA is the relative basal area, calculated in a similar manner to RD, but using the basal area rather than the number of stems (%); and RFR is the relative family richness, calculated by dividing the number of species of a given family within a plot by the total number of species of all families in the plot (%). For the purposes of this study, the dominant families or species were designated as those with an importance value higher than 5.0.
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where p i is the proportion of trees (% stems) in the ith species. The woody trees (phanerophytes) recorded in the surveys were classified into one of four life-forms: megaphanerophytes (Mega; arbor), mesophanerophytes (Meso; mid-arbor), microphanerophytes (Micro; sub-arbor) and nanophanerophytes (Nano; shrub) (Hatusima, 1975) . The differences in the number of tree species, stem density, and basal area between burned and unburned treatments were evaluated using a two-way analysis of variance, with one factor being the treatments (burned and unburned) and the other the four phanerophyte types.
RESULTS
Tree composition
A total of 34 tree species (> 3.0 cm DBH) was recorded in the primary forest before the clearcut; these species could be classified into 22 families and 27 genera (Tab. I). Of these species, 21 occurred on the clearcut-burn plots 20 years after the treatment, and 25 occurred on clearcut-only plots. Twenty years after the clearcut, the four treatment plots contained a total of 1315 stems exceeding 1.0 m in height. These plants could be classified into 30 families, 49 genera and 69 species (Tab. I). The burned plots contained 61 tree species, which exceeded the number of species in the unburned plots (49 species). In the present study, it was observed that most species of the primary forest species remained after 20 years of regeneration; however, Ilex ficoidea Hemsl. and Rhus succedanea L. disappeared from the two unburned plots, while Ternstroemia gymnanthera (Wight et Arn.) Beddome disappeared from the two burned plots. Nevertheless, I. ficoidea and R. succedanea were present in the two burned plots. Twenty years after clearcut, the two burned plots combined contained 8 dominant families, whereas the two unburned plots contained only 5 dominant families. The most common family in both the burned (IV f = 24.9) and unburned (24.3) plots was Fagaceae, followed by Rubiaceae, which was approximately half as common (11.4 and 12.4, respectively) . In terms of IV s , the dominant species of the two burned plots were C. sieboldii (36.5), S. japonicus (7.1) and P. thunbergii (5.9), whereas those of the two unburned plots were C. sieboldii (28.3), Psychotria rubra (Lour.) Poir. (7.1) and Quercus miyagii Koidz. (6.1). C. sieboldii was clearly the dominant species in the EBLF regeneration forest 20 years after clearcut in both burned and unburned treatments, although there were some changes in the other dominant species compared with those recorded in the primary forest before the clearcut.
Forest structure
Tree densities (height ≥ 1.0 m) were 34 600 stems ha −1 in the burned plots and 31 150 stems ha −1 in the unburned plots, whereas the corresponding basal areas were 43.0 and 45.6 m 2 ha −1 (Fig. 1 ). There were no significant differences in tree density (F = 0.24, p > 0.63) or basal area (F = 0.52, p > 0.49) between the burned and unburned plots; however, significant differences in stem densities (F = 161.9, p < 0.0001) and basal areas (F = 7.52, p = 0.01) occurred among the phanerophyte types.
The distributions of two treatments and dominant tree species are presented in Figures 2 and 3, respectively. Both of the treatments gave rise to the same size class distribution pattern, a typical reverse-J type (Fig. 2) , which is characterized by species in the small height classes having the highest frequency, with a gradual decrease in the number of stems with increasing height class. For the dominant species, the following three distribution patterns of tree size class were found (Fig. 3) . The abovementioned reverse-J-type distribution was observed for P. rubra, which exhibited the greatest density in the study plots. However, most individuals of this species ranged between only 1 and 2 m in height. C. sieboldii and P. thunbergii, which also have a broad height distribution peaking at 7-8 m and 5-6 m, respectively, exhibited a unimodal pattern. This pattern is characterized by species in the intermediate size classes having the highest frequency, with the smaller and larger classes having lower frequencies. The sporadic type indicates that the adjacent classes are badly represented: frequency rises again more and less sharply in intermediate classes, such as Q. miyagii, which was present only in the non-burned plots and had a broad distribution of heights, peaking at 8-9 m. S. japonicus also exhibited a unimodal pattern; however, the patterns appeared to differ between the two treatments. The abovementioned five dominant species contributed to a total basal area of 78.8 and 68.6%, respectively, in the burned plots and unburned plots, although they comprised only approximately 27% of the total stems by number in both treatments (Fig. 4) . Notably, C. sieboldii contributed significantly to the total basal area (65.2 and 50.6%, respectively) in the burned and unburned plots, whereas P. rubra contributed only approximately 0.7% in both plots. Thus, C. sieboldii was represented by fewer but larger individuals, whereas P. rubra was represented by more numerous, smaller individuals. 
Tree species diversity
Species diversity is an important ecological-structural characteristic of a community, contributing to its stability (Dewoody et al., 2003; Tilman and Downing, 1994) . Burned plots had species richness (S ) and Shannon-Wiener diversity (H ) values of 61 and 5.04, respectively, while for unburned plots these values were 49 and 4.81, respectively (Fig. 5) . However, differences in neither of these indices were significant: S (F = 0.27, p > 0.27) andH (F = 0.05, p > 0.82). In contrast to the lack of significant differences in species diversity between burned and unburned plots across all species, differences within phanerophyte types were highly significant for both S (F = 17.30, p < 0.001) and H (F = 7.12, p = 0.01).
Vegetation changes
Twenty years after the treatment, the regenerating forests in 2005 averaged 107 and 66 stems (for both tree and herb species < 1.0 m in height), respectively, in the burned and unburned subplots. These numbers are considerably lower than those recorded in the primary forests in 1985 (Tab. II). The regenerating forests also had considerably lower values for S , although only slightly lower values for H , in both treatments compared with the primary forest. For the dominant species in the regenerating forest, one tree species, Rhaphiolepis indica (L.) Lindl. ex Ker, was absent in the two treatments; while 4 herb species, such as Lindsaea heterophylla Dryand. and Oplismenus compositus var. patens, were absent in both treatments. Lophatherum gracile Brongn. was absent from burned plots but present in unburned plots with one stem only. Tree species such as P. rubra, P. thunbergii and Diospyros maritima Bl.clearly decreased in abundance in both treatments. Based on the aforementioned observations, it appears that after 20 years of natural regeneration there are no obvious differences between the vegetation established on burned and unburned plots.
DISCUSSION
On Iriomote Island, the Adinandra yaeyamensisCastanopsietum sieboldii Miyawaki community generally develops where tertiary sandstone and shale occur (Miyawaki, 1989) . In general, the community is dominated by C. sieboldii (mega-phanerophyte), which comprises the highest layer with a mean tree height of 8∼12 m, accompanied by other mega-or meso-phanerophyte species. In the present study, C. sieboldii exhibited the highest importance values, ranging from 23.1 to 40.3, in both the burned and unburned plots. These values were approximately 4 times those for P. rubra, which had the second highest importance values, ranging from 2.7 to 8.1. This indicates that C. sieboldii continues to rank as the dominant species in the clearcut regeneration forest. This species exhibits a broad distribution of heights, peaking at 7-8 m in the highest layer, with similar frequency distributions in both the burned and unburned plots. This finding suggests that the layer structure in the regenerating stand was similar to that in the natural stand prior to cutting. Furthermore, from a long-term perspective, the mega-phanerophytes included 16 tree species (Fig. 5) , each with approximately 10 000 stems ha −1 in both the burned and unburned plots, and these species comprised the majority of the total basal area in the plots (Fig. 1) , This observation suggests that the mega-phanerophyte species of the regeneration forest might continue to dominate the forest in the future. While the abovementioned mega-phanerophytes were abundantly represented in the regeneration forest, a large variety of meso-, micro-and nano-phanerophyte species were also present. For example, P. rubra, a nano-phanerophyte species, was present in the Ophiopogon jaburan 4/6.6 5/7.0 9/6.8
Dioscorea pseudo-japonica 10/6.6 2/3.2 12/5.6 5/8.2 5/3.8 lowest layer with the greatest density and peaking at 1∼2 m in height. This finding suggested that the stand structure of the regenerating forest is likely to be complex in both burned and unburned treatments due to the development of multiple canopy layers. The stem density of a secondary forest arising by natural regeneration is different from that by plantation. In a plantation forest, the density is determined at the time of planting, whereas in a natural regeneration forest, stem density is a mixture of the sprouting capacity of the cut trees and the availability (arrangement, production and dispersal) and germination capacity of their seeds . In the early stage of natural regeneration, a huge number of tree stems may arise from stumps or seeds. It should be noted, however, that the patches studied in this investigation were very small, which probably had a significant affect on seed availability. Larger patches could behave quite differently in this respect. At a site in the northern part of Okinawa Island, Wu and Shinzato reported a density (height > 1.0 m) of 101 513 stems ha −1 5 years after the clearcut of an EBLF (Wu and Shinzato, 2004) . In the present study, the stem densities in the burned and unburned plots on Iriomote Island were 34 600 and 31 150 stem ha −1 , respectively, but had been 50 650 and 49 250 stems ha −1 , respectively, in the 13th year after clear cutting (Shinzato et al., 2002) , and 38 900 and 37 650 stems ha −1 , respectively, in the 18th year (Wu et al., 2006) . The subsequent decline in abundance after the peaks observed after 13 years can be attributed to the severe competition between individuals for space and nutrients, together with an increase in basal area, resulting in the death of weak competitors. However, compared with the density of a similar natural forest stand (23 663 stems ha −1 ) in the northern part of Okinawa Island (Shinzato et al., 2000) , the densities of the 20-year regeneration plots remained high, suggesting that the densities would continue to decrease over the years. Concomitant with the decrease in stem densities, the basal area increased over time. Twenty years after the clearcut, the total basal areas of the trees exceeding 1.3 m in height on the burned and unburned plots were 43.0 and 45.6 m 2 ha −1 , respectively, whereas they had been 33.8 and 36.4 m 2 ha −1 , respectively, in the 13th year after the clearcut and 39.2 and 37.5 m 2 ha −1 , respectively, in the 18th year. This result indicates that the basal area would probably continue to increase. Thus, there is a trend toward fewer, larger stems over time.
Flagellaria indica
In this study, due to the lack of permanent numbered labels on the bases of trees prior to cutting, it was subsequently difficult to determine the sources of the stems (sprouting-or seedling-origin). However, the distinct sprouting-origin stems, which were easily recognized during the fieldwork, accounted for 35.4 and 37.9% of the total stems in the burned and unburned treatments, respectively, and contributed to 74.5 and 58.7%, respectively, of the total basal areas in the two treatments. This finding indicates that the regenerating forest was dominated by sprouting stems rather than seedling stems. The frequency distribution (Fig. 3) also revealed that the primary dominant species, C. sieboldii and P. thunbergii, were present abundantly in the high layer on the burned plots, and the tree census revealed most of these were stems of sprouting origin. This observation suggests that clearcut-burning did not cause an extensive death of the cut stumps. The survival and growth of the sprouting stems of the primary dominant species may be responsible for the small difference in forest structure between the burned and unburned treatments.
On the other hand, as a result of clearcut followed by burning, the previously forested lands were suddenly exposed, allowing a large number of pioneer species, such as Mallotus japonicus Muell.-Arg., Mallotus paniculatus Muell.-Arg. and G. acuminatum, to colonize the former forestland and contribute to its subsequent composition. Such species were present at 13 years after cutting (Shinzato et al., 2002) ; in particular, M. japonicus, a deciduous broad-leaved species, with 98 and 46 stems in burned and unburned plots, respectively, represented 13.7 and 5.9%, respectively, of the total basal areas in the burned and unburned plots. This indicates that there had been more pioneer species in the clearcut-burn treatment than in the clearcut-only treatment. However, over the subsequent 7 years, along with the decrease in stem densities and rise in basal area of primary species, the abundance of the abovementioned 3 pioneer species declined precipitously to only 2 stems left in the burned treatment and nothing in the unburned treatment. The sharp decrease in pioneer species also suggests that the regenerating forests in the two treatments were undergoing a progressive succession.
Several studies on tree species diversity of natural EBLFs in the Ryukyu Islands have been published over the last two decades. Ono et al. (1997) reported that tree species diversity was lower in the Ryukyu Islands than on the Japanese mainland. Conversely, others have demonstrated that the tree species diversity of the forests in Okinawa was higher than that on the Japanese mainland (Xu et al., 2001) , and that the species diversity increased with increasing forest age (Ito, 1997) . In the present study, the vegetation established on clearcut-burned plots had slightly higher tree species diversity values than the vegetation on clearcut-only plots. The values of S and H for the EBLF regeneration were 61 and 5.04, respectively, in the burned plots, and 49 and 4.81, respectively, in the unburned. These values were higher than those for an EBLF (14 and 3.04, respectively) on the Japanese mainland (Omura et al., 1969) , but lower than those (120 and 6.05, respectively) of a tropical rainforest in the Hainan Province of China (Peng and Zhou, 1989) . These observations indicate that the secondary regeneration forest established on Iriomote Island following a 20-year recovery had high tree species diversity, and that the traditional forest burning did not result in a decrease in tree species diversity compared with the clearcutonly treatment. It should be pointed out, however, that it is difficult to compare our data with that of others due to the different ages of stands, sampling areas, and so on. Nevertheless, the present study is likely to reflect the high species diversity of the secondary regenerating EBLF after clearcut-burning by natural regeneration on Iriomote Island.
However, the vegetation census (< 1.0 m in height) conducted for the subplots revealed that the regenerating forest had a slightly lower species diversity than that of the primary forest, and that both treatments resulted in considerably lower stem densities and species richness than in the primary forest (Tab. II). The main reason for these differences may be the change in niche after clearcut or clearcut-burning, which resulted in the massive death of the seedlings of shade-intolerant species, such as Adiantum flabellulatum L., O. compositus and Smilax bracteata Presl., which disappeared from both plot types in the secondary forests following the treatments. The decreases in stem density, S , and H , and the concomitant disappearance of shade-intolerant species, suggests that the vegetation recovery may be slower than tree revegetation after the treatments.
CONCLUSIONS
The abundance of mega-phanerophytes accompanied by a large variety of other phanerophytes in both burned and unburned treatments suggests that the structure of the regeneration forest was complex due to the development of multiple canopy layers. Following 20 years of natural recovery, although there were small differences between the burned and unburned treatments, in general, clearcut-burning of a subtropical EBLF on Iriomote Island appears to have had little effect on the forest structure or tree species diversity compared with the unburned clearcut treatment. The clearcut-burning regenerating forest exhibited no signs of degeneration, but rather a progressive succession. Based on the above results we can predict that the regeneration forest may gradually recover and develop into a stand similar to that prevailing before the clearcutburning. The present results suggest that natural regeneration may restore the high tree species diversity of the EBLFs on the Ryukyu Islands. This research should also be helpful for forecasting the vegetation recovery and regeneration of village forests in the subtropics, where forests are often disturbed by farming, particularly in China where clearcut-burning is still practiced widely for the preparation of forestland. It should be pointed out, however, that since Iriomote Island is a small island and the mountain slopes are short and steep, the preparation of forestland by burning usually takes place on a small scale. In addition, since the present results were based on only a small number of duplicate plots, further studies with an increased number of duplicate plots are necessary in order to examine the influences of clearcut-burning on EBLF forest regeneration.
